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Abstract - A novel hot-me1 t processable  polyimide was synthes ized  and 
c h a r a c t e r i z e d  a t  NASA Langley Research Center for use as an adhesive for  
bonding a t i t an ium a l l o y ,  Ti-6A1-4V [ l] .  The p re sen t  s tudy is  a fol low on 
t o  determine the adhes ive ' s  c a p a b i l i t y  f o r  bonding a high temperature ,  high 
performance graphi te /polyimide (GR/PI) composite. The bonding temperature  
was d i f f e r e n t  from t h a t  prev ious ly  repor ted  f o r  bonding t i t a n i u m  because of 
the composi te 's  lower temperature c a p a b i l i t i e s .  Bonded l a p  shear  specimens 
were tested a t  RT, 177°C and 204OC both before  and a f t e r  aging i n  a i r  a t  
204OC f o r  up t o  5000 h. 
whereas the s t r e n g t h  a t  204OC remained unchanged. 
a l s o  exposed t o  bo i l ing  water  f o r  a 72 h period. 
observed a t  a l l  temperatures  a s  a result of this exposure.  A comparison of 
the s t r e n g t h s  f o r  the bonded composite and the previous ly  r epor t ed  t i t an ium 
a l l o y  data  i s  g iven.  
RT and 177°C s t r eng ths  decreased s i g n i f i c a n t l y  
Bonded specimens were 
Reduced s t r e n g t h s  were 
1. INTRODUCTION 
A number of polyimides have been developed f o r  p o t e n t i a l  a p p l i c a t i o n s  i n  
bonded aerospace structures [ 2-61. 
was prepared i n  our l abora to ry  and designated a s  422 i n  Reference 7 by 
B u r k s ,  S t .  C l a i r  and Progar.  The structure of 422 is shown i n  Scheme 1. 
The novel hot-me1 t processable  polyimide 
Scheine 1. Polyimide 422 
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The structure of  the polymer as shown is  a copolyimide prepared from a 
s i  ngle dianhydri  de,  4 ,4 '  -bi  s( 3,4-dicarboxyphenoxy)diphenyl sul f i d e  
dianhydride (BDSDA), and equimolar amounts o f  the f l e x i b i l i z i n g  units 
metaphenylene diamine (MPD) and 4 ,4 ' -oxydiani l ine  ( O D A ) .  T h i s  material was 
shown i n  the re ferenced  r epor t  t o  have an unusual ly  low melt v i s c o s i t y  when 
compared w i t h  the homopolymers made using only MPD or ODA. The low 
v i s c o s i t y  of the polymer provides  the flow necessary for good wet t ing  of the 
adherends dur ing  bonding. T h i s  mater ia l  because of t h e  low melt v i s c o s i t y  
was o r i g i n a l l y  chosen f o r  a study a s  a structural adhesive f o r  bonding a 
t i t an ium a l l o y .  The bonding of a h i g h  temperature ,  high performance 
composite i s  a follow-on study u s i n g  the same adhesive ma te r i a l .  
2. EXPERIMENTAL 
2.1 Synthesi  s 
T h e  s y n t h e s i s  of the 422 mater ia l  has been r epor t ed  i n  Reference 6 ,  however, 
the general s y n t h e s i s  i s  reproduced i n  this paper f o r  t he  convenience o f  the 
reader .  
of BDSDA, 1 mole of 4,4'-ODA, and 1 mole of MPD i n  diglyme a t  20% s o l i d s  for  
two hours a t  RT. 
A s o l u t i o n  of the copolyimide 422 was prepared by r eac t ing  2 moles 
e 
2.2 Charac t e r i za t ion  
Lap shear  s t r e n g t h  (LSS)  was obtained according t o  ASTM 0-1002 using a Model 
TT Ins t ron  Universal Test ing Machine. The average LSS r epor t ed  represented  
3 
. 
a t  l e a s t  t h ree  o r  more l a p  shear specimens tes ted  f o r  any one condi t ion.  
E levated temperature t e s t s  were conducted i n  a c lam-shel l ,  quartz-lamp oven 
w i t h  temperatures c o n t r o l l e d  t o  w i t h i n  23°C f o r  a l l  t e s t s .  Specimens were 
h e l d  10 min a t  temperature p r i o r  t o  t e s t i n g  except f o r  t he  water-bo i l  
specimens which were tes ted  upon reaching the t e s t  temperature (approximate- 
l y  1-2 min). 
f i g u r e s  and g iven i n  the  tab les .  
LSS range i s  i nd i ca ted  by dashed l i n e s  i n  the  bar graph 
Bondl ine th ickness f o r  the t i t an ium bonded specimens was obtained as 
t h e  d i f f e r e n c e  between the t o t a l  bondl i n e  th ickness measured w i t h  a 
micrometer and the sum o f  the adherend thicknesses. 
th ickness  f o r  the  t i t a n i u m  bonded specimens was 0.20 mn (0.008 in . )  with a 
range o f  0.18 mn (0.007 i n . )  t o  0.23 mn (0.009 in . ) .  
composite th ickness v a r i a b i l i t y ,  the bondl i n e  th ickness was no t  determined 
b u t  assumed t o  be i n  the same range as the t i t a n i u m  bonded specimens. 
The average bondl ine 
Because o f  the 
Glass t r a n s i t i o n  temperatures (Tg) were determined on the  adhesive i n  
t h e  f r a c t u r e d  area o f  the t i t a n i u m  bonded l a p  shear specimens by 
thermomechanical a n a l y s i s  (TMA) on a DuPont 943 Analyzer  i n  s t a t i c  a i r  a t  a 
hea t ing  r a t e  o f  5"C/min us ing  a hemispherical probe w i th  a 15  g mass. 
t he  composite bonded t e s t  specimens, Tg was measured us ing  the  f l a s h i n g  
( t h e  ma te r ia l  ou ts ide  the  bonded area). 
For 
Inhe ren t  v i s c o s i t y  (Qinh) was determined us ing  a Cannon-Ubbelohde 
viscometer i n  a 25°C water bath c o n t r o l l e d  t o  w i th in  +O.Ol"C. A 10 m l  
s o l u t i o n  of 0.5% s o l i d s  i n  N,N-DMAC was made and f i l t e r e d .  The average o f  
t h ree  runs o f  the  s o l u t i o n  was reported. 
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2.3 Adhesive tape 
422 Adhesive tape was prepared by brush-coating a polyamic-acid, 20% solids 
solution i n  diglyme onto 112 E-glass cloth w i t h  an A-1100 f in i sh  
(Y-aminopropylsilane). 
which was used to  prepare adhesive tape to  bond the titanium are g iven  i n  
Reference 7.  
adhesive tape for bonding the composites. 
( t igh t ly  mounted i n  a metal frame) was oven-dried for 30 min  a t  100OC. The 
0.1 mn (0.004 i n . )  thick glass cloth served as a car r ie r  for  the adhesive as 
well as for bondline thickness control and an escape channel for solvent. 
Coatings of the polymer solution were app l i ed  t o  the glass cloth u n t i l  a 
thickness of 0.20 mn - 0.25 mn (0.008 i n .  - 0.010 i n . )  was obtained. After 
a primer coat ( =  4% solids solution) was applied, each coat application 
thereafter was air-dried 0.5 h ,  placed i n  a forced-air oven, and exposed t o  
the fol l  owing schedule: 
The flow properties of the 422 w i t h  0.789 ' l i nh  
A second solution w i t h  a 0.606 'linh was used to  prepare 
Prior t o  coating, the glass cloth 
(1) RT + 100°C, ho ld  0.5 - 1 h 
( 2 )  100°C + 150°C, hold 2 h 
(3 )  1 5 O O C  + 175"C, hold 3 h 
Some foaming o f  the polymer occurred due t o  the above treatment. 
procedure used to prepare the tapes was required t o  drive off the solvent 
and reaction product volati les when converting the polyamic-acid resin t o  
the polyimide. 
i n  the 160°C range w i t h  the degree of conversion be ing  a function of time 
and temperature. 
The 
Imidization of polyamic-acids t o  polyimides generally occurs 
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2.4 Adhesive bondi ng 
The prepared adhesive tapes were used t o  bond t i t a n i u m  adherends (Ti-6A1-4V, 
per  Mil-T-9046E, Type 111 Comp. C )  w i t h  a nominal th ickness o f  1.27 n 
(0.050 i n . )  o r  composite w i t h  a nominal th ickness of 2.15 mn (0.084 in . ) .  
The fou r - f i nge red  Ti-6A1-4V panels were g r i t  b l a s t e d  w i t h  120 g r i t  aluminum 
oxide, washed and r i n s e d  w i t h  methanol , and sur face t r e a t e d  w i th  Pasa-Jell 
107* t reatment  t o  form a s tab le  oxide on the surface. 
The composites were fab r i ca ted  by Rockwel 
6000 g raph i te  f i b e r s  w i th  a NR 150B2 poly imide 
po ly imide  ma t r i x .  The prepreg was suppl ied by 
I n t e r n a  t 
f i n i s h  i n  
F i  b e r i  t e .  
p l i e s  were arranged i n  a (0,0,0,+30,-30,+30,-30)s layup. 
f a b r i c a t i o n  procedure are  given i n  Reference 8. Maximum 
the composite c u r i n g  process was 329°C (625OF). Table 1 
onal from Cel i o n  
a LARC-160 
The composite 
D e t a i l s  o f  the 
temperature dur ing 
g ives the 
C-scans o f  the 
The composite adherends were 
p r o p e r t i e s  o f  the  composite panels used as adherends. 
composite i n d i c a t e d  they were o f  good q u a l i t y .  
g i v e n  a l i g h t  g r i t  b l a s t  w i t h  120 g r i t  aluminum ox ide i n  the  area t o  be 
bonded, washed and spray r i nsed  w i t h  methanol, and d r i e d  i n  a fo rced-a i r  
oven f o r  24 h a t  100°C p r i o r  t o  pr iming. 
*Trade name fo r  a t i t a n i u m  surface treatment a v a i l a b l e  f rom Semco, Glendale, 
CA. 
- 
Use o f  t rade  names o r  manufacturers does n o t  c o n s t i t u t e  an o f f i c i a l  
endorsement, e i t h e r  expressed o r  imp1 ied ,  by the  Nat iona l  Aeronautics and 
Space Admin is t ra t ion .  
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The t r e a t e d  adherends were primed by brushing a t h i n  coat  o f  20% s o l i d s  
s o l u t i o n  approximately 2.5 x l o 2  mn (0.001 in . )  t h i c k  on the surface area t o  
be bonded. 
oven f o r  15 min a t  100°C and 15 min a t  150°C. 
placed i n  a po lyethy lene bag and s tored i n  a des icca tor  u n t i l  needed. 
shear specimens were prepared by i n s e r t i n g  the adhesive tape between the 
primed adherends us ing  a 12.7 mn (0.5 in . )  over lap (ASTM D-1002). 
They were a i r  d r i e d  f o r  30 min and then heated i n  a fo rced-a i r  
The primed adherends were 
Lap 
Because the maximum temperature used f o r  bonding t i t a n i u m  w i t h  422 
adhesive i n  the prev ious study was 343°C (650°F), several  temperatures were 
i nves t i ga ted  f o r  bonding the composite w i t h  422 adhesive t o  determine a 
bonding process which produced good st rengths and d i d  n o t  degrade the 
composite. The f o l l o w i n g  process cyc le  was used where the temperatures were 
302°C (575"F), 316°C (6OO0F), 329°C (625"F), and 343°C (650°F) (even though 
343°C was h igher  than the maximum temperature used t o  f a b r i c a t e  the 
composite) . 
( 1 )  Apply 2.07 MPa (300 p s i )  pressure, heat ing  r a t e  = 8"C/min, RT + 
temp. 
( 2 )  Hold 1 h a t  temp. 
( 3 )  Cool under pressure t o  = 150°C (302°F) and remove from bonding 
press. 
A bonding cyc le  was se lected which was based on the h ighes t  LSS and was 
used t o  determine the e f f e c t s  o f  thermal exposure f o r  up t o  5000 h a t  204°C 
on LSS. 
w i t h i n  21% o f  exposure temperature. 
177"C, and 204°C before  ( c o n t r o l s )  and a f t e r  exposure. 
Thermal exposure was performed i n  a fo rced -a i r  oven c o n t r o l l e d  t o  
Lap shear t e s t s  were conducted a t  RT, 
7 
J 
. 
A rather s vere 72 h water boi l  t e s t  was conducted i n  laboratory 
glassware conta n i n g  b o i l i n g  dis t i l led water. 
immersed (above the bonded area) during the 72-h period. 
determined a t  RT, 177"C, and 204°C. 
The l a p  shear specimens were 
LSSs were 
3. RESULTS AND DISCUSSION 
3.1 Bond ng temperature selection 
The chemistry and preparation of this system has been previously discussed 
i n  Reference 7. Selection of the bonding temperature for the bonding cycle 
for the 422 polyimide adhesive bonded composite from those given i n  Table 2 
and F i g .  1 was based on obtaining the highest LSS. 
graphical form for those interested in obtaining a quick pictorial summary 
of  the resul ts  and in tabular form f o r  those interested i n  more detail and 
a d d i t i o n a l  information n o t  included i n  the graphs. 
h e a t i n g  r a t e  (8"C/min) ,  bonding pressure (2.07 MPa), and time held a t  cure 
temperature were maintained while the temperature was varied (302"C, 316"C, 
329"C, and 343°C). 
t h a t  the composite experienced, i t  was nevertheless investigated t o  
determine i f  the composite was detrimentally affected as well as t o  
determine whether good LSS could be obtained. 
apparently was unaffected visually, the LSSs were s l i g h t l y  lower a t  177°C 
and 204°C t h a n  those bonded a t  316"C, Fig. 1. The best compromise results 
were obtained using the 316°C b o n d i n g  temperature and therefore i t  was the 
bonding  temperature selected. 
Results are expressed i n  
As given i n  Table 2, the 
A l t h o u g h  343°C was higher than the maximum temperature 
A l t h o u g h  the composite 
All bonding  cycles produced the same type o f  
f i 1 ures t t h  three t 
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t temperatures, i.e., RT, composite fa i lure;  and 
204"C, cohesive failure.  The composite fa i lure  generally occurs i n  the 
plies nearest to the composite/adhesive interface, F ig .  2 and F i g .  3. 
Because of th i s  type of failure,  the LSS value is not very meaningful since 
the composite i s  fail ing rather than the adhesive. However, this i s  a 
common occurrence because of the peel stresses developed due to the t e s t  
method and the composites are generally weak i n  the direction normal to  the 
surface. 
adhesive flashing. 
The reported Tg for this polymer i s  216°C (421°F) [ T I .  
No trends were noted for the Tgs which were determined on the 
The Tgs ranged from 206°C (403°F) to 215°C (419°F). 
3.2 Thermal exposure 
The effects  of thermal exposure i n  a forced-air oven a t  204°C for up to 5000 
h are given in Table 3 and F i g .  4 for the bonded composite. 
determined a t  RT, 177"C, and 204°C. 
significantly,  the RT strength for the 5000 h exposure was 57% of the RT 
control strength and the 177°C strength for  the 5000 h exposure was 61% o f  
the 177°C control strength. Failures were primarily i n  the composite. LSS 
a t  204°C was retained and possibly even increased slightly,  15.5 MPa (2240 
psi ) compared t o  the control 's strength, 13.4 MPa (1940 psi 1. 
fa i lure  was i n  the composite for  those aged 5000 h and cohesive for the 
control tests. An apparent s l i g h t  increase i n  Tg was noted for the aged 
specimens, however, due to  the measurement technique, this difference may be 
within experimental error. 
LSS was 
RT and 177°C strengths decreased 
However, the 
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Table 4 and F ig .  5 dep ic t  the e f fec ts  o f  thermal exposure a t  204°C f o r  
up t o  20000 h f o r  422 bonded Ti-6A1-4V. 
between 5000 h and 10000 h, i.e., RT, from 21.0 MPa (3040 p s i )  t o  12.0 MPa 
(1740 p s i ) ;  177"C, from 23.1 MPa (3350 p s i )  t o  10.2 MPa (1480 p s i ) ;  and 
204"C, from 17.0 MPa (2470 p s i )  t o  3.0 MPa (430 p s i ) .  Although the RT and 
177°C s t rengths  re ta ined  a f t e r  10000 h are s t i l l  use fu l  f o r  some app l ica-  
t i ons ,  t he  s t reng th  a t  204°C would no t  be use fu l .  
s t rengths are even lower f o r  those aged a t  20000 h. 
which was o r i g i n a l l y  brown became almost black and i n d i c a t e d  degradation. 
F a i l u r e s  were p r i m a r i l y  cohesive f o r  most o f  the t e s t s .  Comparing, i f  
permiss ib le ,  the composite data w i t h  t h a t  o f  the t i t a n i u m  data f o r  the  
5000 h exposure a t  204°C shows the s t rengths f o r  the  bonded t i t a n i u m  t o  be 
s i g n i f i c a n t l y  h igher  f o r  a l l  aging and t e s t  cond i t ions .  
apparent ly  degrades s i g n i f i c a n t l y  f o r  per iods longer  than 5000 h a t  204°C 
and t h a t  the  f a i l u r e s  were cohesive, i n d i c a t i n g  t h a t  the  adhesive and n o t  
the t i t a n i u m  sur face was a t  f a u l t ,  s i m i l a r  r e s u l t s  would be expected f o r  
l ong  term a g i n g  o f  composite bonded specimens. 
The LSS decreases d ramat i ca l l y  
The RT and 177°C 
The adhesive c o l o r  
Since the adhesive 
3.3 72-h Water b o i l  
Lap shear specimens were given a 72-h water b o i l  t o  determine adhesive 
performance when exposed t o  water (humid i ty ) .  
adhesively bonded composite adherend system are given i n  Table 5 and F ig.  
6. 
and are 48% and 31% o f  the con t ro l  values a t  those temperatures. 
E igh ty - four  percent  o f  the RT con t ro l  value was re ta ined.  
Test r e s u l t s  f o r  t he  422 
LSSs a t  177°C and 204°C are s i g n i f i c a n t l y  reduced due t o  the water -bo i l  
The adhesive 
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f o r  the  water b o i l  specimens tes ted  a t  204°C f a i l e d  thermop las t ica l l y .  The 
Tgs remained i n  the  same range as those o f  the  con t ro l s .  
Tes t  r e s u l t s  reproduced from Reference 1 are  given i n  Table 6 and F ig.  
7 f o r  422 adhesive bonded Ti-6A1-4V. The LSS values were 80%, 59%, and 29% 
o f  the  RT, 177"C, and 204°C con t ro l  values respec t ive ly .  No s i g n i f i c a n t  
d i f f e r e n c e s  i n  the  Tgs were observed between the  c o n t r o l s  and water b o i l  
specimens. 
specimens f a i l e d  adhesively a t  177°C and 204°C. 
values were s i g n i f i c a n t l y  h igher  f o r  the  Ti-6A1-4V bonded specimens, the 
Whereas the  c o n t r o l  s a1 1 f a i  1 ed cohesive ly  , the water bo i  1 
Although the con t ro l  LSS 
percent  re ta ined  a f t e r  water b o i l  f o r  each t e s t  temperature was e s s e n t i a l l y  
t he  same f o r  both the  bonded Ti-6A1-4V and composite systems. Apparently, 
the adhesive o f f e r s  l i t t l e  res is tance t o  water and i s  probably p l a s t i c i z e d  
due t o  i t s  presence a l though t h i s  i s  no t  r e f l e c t e d  i n  the  Tgs determined 
a f t e r  water b o i l .  The r e s u l t s  o f  the  72-h water b o i l  showed reduced 
performance f o r  both adhesi ve/adherend systems. 
4. SUMMARY 
A ho t -me l t  processable copoly imide prev ious ly  synthesized and charac ter ized  
as an adhesive a t  NASA Langley Research Center f o r  bonding Ti-6A1-4V has 
been used t o  bond Ce l ion  6000/LARC-160 composites. A bonding cyc le  was 
determined and l a p  shear specimens were prepared which were thermal ly  
exposed i n  a fo rced-a i r  oven f o r  up t o  5000 h a t  204°C. 
determined a t  RT, 177"C, and 204°C. A f t e r  thermal exposure t o  5000 h a t  
204"C, RT and 177°C LSS decreased s i g n i f i c a n t l y ,  however a s l i g h t  increase 
was noted f o r  the 204°C t e s t .  Useful  s t rengths,  > 11.1 MPa ( >  1610 p s i ) ,  
LSSs were 
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were retained fo r  a l l  t e s t  temperatures for up t o  5000 h exposures. When 
composite failure occurs, w h i c h  i t  d i d  i n  many cases, the strength values 
obtained are d i f f icu l t  t o  interpret because this indicates t h a t  the adhesive 
i s  stronger t h a n  the composite's f i r s t  surface plies ( h i g h  peel stresses are 
introduced i n  the f i r s t  few plies due t o  the testing technique). 
composite were stronger, the strength values would be higher. 
I f  the 
I n i t i a l l y  the LSS values are higher for the bonded Ti-6A1-4V t h a n  for 
the bonded composite b u t  the LSS decreases dramatical ly  between 5000 h and 
10000 h of 204°C thermal exposure. 
20000 h result  i n  further decreases i n  LSSs. A l t h o u g h  the bonded composite 
retained useful strengths ( >  11.1 MPa) for  exposures up t o  5000 h ,  based on 
the poor results of the bonded Ti-6A1-4V beyond 5000 h ,  the 422 adhesive 
bonded composites would most likely also produce poor strengths beyond 5000 
h exposure. 
Longer periods of thermal exposure up  t o  
Adhesive bonded composite l a p  shear specimens exposed t o  b o i l i n g  water 
for 72 h exhibited greatly reduced strengths a t  a l l  t e s t  temperatures. 
Al though  the control LSS values were significantly higher f o r  the Ti-6A1-4V 
bonded specimens, the percent retained af ter  water boil for each test  
temperature was essentially the  same for  bo th  systems. 
Based on the results given here for bonded high temperature, h i g h  
performance composite and bonded Ti-6A1-4V, the 422 adhesive has limited 
applications due t o  i t s  decreasing strength w i t h  l ong  term thermal exposure 
a t  204°C and the poor strength a f te r  a 72-h water b o i l .  
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